US state carbon intensities are highly heterogeneous, and few studies have been aimed at identifying the causes of these differences among states. Determining the factors that enable certain states to develop their economies on a less carbon-intensive trajectory can give us insight into how those state characteristics or policies can be replicated to achieve lower carbon intensities in other economies. Our study finds that renewable portfolio standards (RPS) have already had a negative and significant impact on carbon intensities through their influence on state electricity prices. Additionally, we show that the adoption of RPS reduced overall US carbon emissions by 4 percent by 2010.
Introduction
Since the industrial revolution, the development of the world economy has been fueled by carbon-based energy. The growing threat of climate change, however, necessitates that society reduce its dependence on carbon-based fuels for economic development. Carbon intensity measures an economy's reliance on carbon-based energy and depends on the types of energy used, overall efficiency, and economic output (Casler and Rose 1998) . As incomes grow, carbon emissions will not fall unless society is able to reduce carbon intensity. It is critical to identify the drivers of lower carbon intensity in order to continue growing our economy sustainably.
Over the past 30 years, carbon intensity in the United States has declined by about 50 percent according to the US Energy Information Administration (EIA 2013) . There are many potential drivers of low carbon intensity, including improving energy efficiency, shifting economic activity into sectors with lower energy intensity, and shifting the energy sector toward low-carbon power sources, including nuclear, hydropower, and other renewables (Greening et al. 1998) . Improved efficiency and changes in the composition of the economy are critical, but given that so many states in recent years have implemented renewable portfolio standards (RPS) in some form, it is useful to assess whether these policies also are having an influence on carbon intensity. Although these standards have been implemented for a wide variety of reasons, including diversification of the energy portfolio and reduction of dependence on fossil fuels, because they push the energy sector to adopt low-carbon sources of energy, RPS should also reduce carbon emissions.
Only one study to date has actually assessed the impact of state RPS on carbon emissions, it did not find that the RPS requirements had an impact on carbon emissions. This result is somewhat surprising, but it may be a function of the many confounding ways in which RPS can  Sekar: research assistant at Resources for the Future (RFF), 1616 P St. NW, Washington, DC 20036; corresponding author, 202.328 .5035, sekar@rff.org. Sohngen: Department of Agricultural, Environmental, and Development Economics, Ohio State University, 2120 Fyffe Rd., Columbus, OH 43210; university fellow, RFF. influence total carbon emissions. By requiring a given proportion of low-carbon alternative energy (e.g., solar and wind), RPS policies should directly reduce carbon emissions. Because these energy sources cost more, retail electricity prices should rise, and this will likely cause a reduction in energy consumption and consequently carbon emissions (Tidball et al. 2010) . It is also conceivable that state-level output could decline for a time as a result of RPS if energy prices rise enough. On the other hand, RPS could increase emissions by changing the mix of state-level outputs, such as by changing the proportion of output in manufacturing versus finance or real estate. Separate industries have carbon emissions profiles of their own and thus may contribute more or less to carbon emissions. It is not clear beforehand how shifts in sectoral activity will affect carbon intensity or carbon emissions.
The literature has addressed a number of these issues. Yin and Powers (2010) determined that the incremental share of renewables required by state RPS was positively correlated with the percentage of state generating capacity that is nonhydro renewable. The incremental variable is a function of the nominal renewables requirement (the percentage dictated by the RPS law), the state electricity load covered, and the existing renewable energy capacity and sales in the state. Shrimali and Kniefel (2011) assessed the effects of RPS on the proportion of energy generated from renewables. When the authors excluded Maine from their regression, the coefficient on RPS sales requirement variable is positive and significant. During the study period, much of Maine's existing renewable fleet was eligible under the RPS policy, which reduced the incentive to invest in new renewable capacity between 1998 and 2002, and the state added 1,500 MW of natural gas capacity to its existing 3,000 MW capacity. Moreover, even without the omission of Maine, minor energy contributors, such as solar and geothermal energy, were positively and significantly influenced by RPS requirements.
However, Shrimali et al. (2012) report that even a more thorough incremental share index (ISI) that accounted for the proportion of the utility industry covered by the RPS and the total retail electricity sales along with the nominal electricity requirement was negatively correlated with actual renewable energy capacity growth at a state level. The negative sign on ISI was robust to the exclusion of Maine, although it was no long significant. Carley (2011) similarly report that the presence of an RPS did not have a significant effect on the share of renewable energy-based electricity but determined that states with RPS do have a greater total renewable energy capacity compared with non-RPS states. These findings are corroborated in the study by Delmas and Montes-Sancho (2011) , which also determined that states with greater portions of renewable energy generation are more likely to implement RPS. Shrimali and Kniefel (2011) also assess the indirect price effect on renewables deployment, finding a positive and significant relationship between electricity price and renewable energy ratio. A higher electricity price allows for renewable energy sources to become more cost-competitive. Shrimali et al. (2012) identified a negative relationship between lagged electricity price and a state's renewable energy ratio. The authors argue that if electricity prices are already high, then generators would avoid renewable investment, which would further increase prices. Delmas and Montes-Sancho (2011) also estimated a negative relationship between electricity price and renewable energy ratio among those states that have RPS, but higher electricity prices were positively correlated with the presence of RPS. Overall, the relationship between electricity price and state renewable energy capacity or renewable energy ratio is unclear (Yin and Powers 2010) .
The existing literature focuses almost exclusively on considering the effect of RPS policies on renewable energy investments, shares of electricity production, or total carbon dioxide emissions. No studies to our knowledge have examined whether RPS policies affect state-level carbon intensity. This is surprising, given the important role that controlling carbon intensity will have in reducing long-run carbon emissions in the face of economic growth. We hypothesize that RPS policies will have both direct and indirect effects on carbon intensity. The direct effects will be driven by the renewable energy policy itself and its influence on energy output. If the policy shifts energy production toward low-carbon renewables like solar and wind, and output remains the same, then carbon intensity should fall. The indirect effects, however, could be just as important. One potential indirect effect is that the RPS policy could raise prices for energy. It is not obvious what the effect of energy prices on carbon intensity will be, given that higher energy prices could affect energy consumption as well as economic output.
Another indirect effect of the RPS on carbon intensity occurs through changes in economic activity. It is possible, although unlikely (Davidsdottir and Fisher 2011) , that RPS could actually reduce state-level outputs. To properly account for the effect of RPS on carbon intensity, however, we maintain that it is important also to control for the effects of energy prices and economic activity. In addition to accounting for these direct and indirect effects, we control for other important policy design variables that influence the effectiveness of RPS. These include the scope of the RPS, the level of the penalty involved, and the potential to purchase renewable energy credits (REC) from outside the state. Using the resulting models, we predict the effect of RPS on US carbon emissions, finding that RPS implementation across the states has reduced carbon emissions over the study period. This paper is composed as follows. The next section describes our model and data more fully. We also discuss literature that addresses additional components of our model. The third section presents the results, and the fourth section includes a policy analysis. The final section is our conclusion.
Model and Data
This paper models the carbon intensity of a state's economy as a function of a range of variables, including the role of energy-intensive industries (Schipper et al. 2001; Murtishaw et al. 2000 Bhattacharyya and Ussanarassamee 2004) , variations in climate (Davis et al. 2010; Burnett and Bergstrom 2010) , and population density (Morikawa 2012; Lariviere and Lafrance 1999) . In addition, it looks at the effect of specific elements of state RPS policies (Carley 2011; Dobesova et al. 2005; Chen et al. 2009 ), such as the average load covered and the ability to use offsets or renewable energy credits, on carbon intensity during the period 1997-2010.
According to the US Environmental Protection Agency's (EPA) greenhouse gas (GHG) inventory, direct and indirect (through electricity consumption) GHG emissions from industry accounted for 30 percent of total US emissions, and transportation accounted for 27 percent. One study suggests that the most carbon-intensive industry in the United States is manufacturing, followed by mining and construction (Schipper et al. 2001) . Within the manufacturing sector, refineries are the most carbon-intensive (Murtishaw et al. 2000) . Although agriculture is a significant contributor to GHGs, accounting for 7 percent of total US emissions, state calculations do not include emissions from agriculture (EPA 2010), and we do not include agricultural emissions in our study. Although the literature discussing the energy intensities of such industries as information, finance, health care, and education is limited, it is generally believed that these industries are lucrative and have comparatively less carbon emissions than the manufacturing sector (Ang 1999; Davidsdotter and Fisher 2011) .
Variations in climate may also have a significant impact on energy and carbon intensity (Davidsdotter and Fisher 2011) . Warmer winters and cooler summers result in lower energy use for climate control in buildings. Nationally, heating degree-days (HDD), a measure of indoor heating demand, are positively correlated with natural gas consumption. Both cooling and heating degree-days are positively correlated with electricity demand, with cooling degree-days (CDD) having a larger effect (Davis et al. 2003; Burnett and Bergstrom 2010) . According to Davidsdotter and Fisher (2011) , increased HDDs and CDDs have a significant effect on economic carbon efficiency, suggesting intuitively that more energy is used to achieve the same level of production in less moderate temperature conditions. A seminal study by Newman and Kenworthy (1989) determined that urban density was negatively correlated with gasoline consumption based on an analysis of 32 large cities across the globe. Residential energy use also declines when homes are more compact and closer in proximity, a characteristic of urban areas (Ewing and Rong 2008) . This pattern extends to the commercial sector as well. Morikawa (2012) found that the energy efficiency of service establishments is higher in more densely populated cities, which is largely explained by more efficient use of floor space. Furthermore, metropolitan areas and counties bordering metropolitan areas tend to be more productive than rural areas (Rupasingha et al. 2001) . Although limited information is available specifically on the correlation between population density and carbon intensity, the trends outlined above suggest that more densely populated states are less carbonintensive than states with a low population density.
In addition to differences in energy use, a state's carbon intensity will be influenced by energy source. According to Greening et al. (1998) , carbon intensities in the manufacturing sectors of Nordic countries decreased significantly during the 1971-1991 period. A rise in oil prices in the 1970s led to a shift in the fuel mix from oil to electricity produced from hydropower and nuclear energy. Similarly, differences in the initial energy portfolios among states, as well as changes in energy portfolios during the study period, are expected to have an impact on carbon intensity.
A few states began to adopt RPS in 1994. These regulations created mandatory annual goals for the contribution of renewable energy to a state's energy portfolio (DSIRE 2013) . Costbenefit evaluations of state RPS find that, if implemented according to law, RPS should reduce carbon emissions from energy production to a greater extent than transition to natural gas (Chen et al. 2009 ). Alternatives to non-carbon based fuels, however, are more expensive than natural gas and coal, so the economic impact of the transition to renewable energies is uncertain. The transition could increase electricity prices and cause leakage of energy-intensive industries to less regulated states (Fischer 2010; Wei et al. 2010 ).
Several studies have documented the effects of changes in electricity price on state renewable energy share. Three studies report that higher electricity prices lead to a decreased contribution of renewable energy to state energy portfolios (Carley 2011; Delmas and MontesSancho 2011; Yin and Powers 2010) . The model by Shrimali and Kneifel (2011) , however, estimates that higher electricity prices have a positive and significant effect on renewable energy deployment. A negative correlation has been explained as a response by policymakers to cap the increase on electricity prices, while a positive correlation can be explained as an increase in costcompetitiveness of renewables. Davidsdotter and Fisher (2011) suggest that higher electricity prices lead to an overall reduction in carbon intensity. The relationship between electricity prices and renewable portfolio standards has not been fully resolved, and existing literature on the subject also has not yet examined the subsequent impact on carbon intensity.
Data on carbon emissions were retrieved from EPA's greenhouse gas inventory, which reports emissions by state from the commercial, industrial, and residential, transportation, and electric power sectors. State-level agricultural and land-use emissions data are not available. 
Results
The results in Table 3 indicate that population density, industry, region, temperature, and time all affect carbon intensity. States with higher population density have lower carbon intensities. The parameter estimate suggests that a 1 percent increase in population density leads to a 6-7 percent reduction in carbon intensity. The share of GDP from mining, transportation, and health care are positively correlated with carbon intensity, while the share of GDP from information and finance are negatively correlated with carbon intensity. The South, Midwest, and Mountain regions are more carbon-intensive than Western states even after accounting for population density, industry share, and temperature. The Northeast and Southwest do not differ significantly from Western states after accounting for electricity price. The temperature variables, Jan and Jul, are significant in both models, with higher January temperatures decreasing carbon intensity and higher July temperatures increasing carbon intensity.
The remaining variables focus on state energy policies. The results for the variable passedRPS suggests that states that have passed RPS are less carbon-intensive than states that have never passed RPS. Our results indicate that states that have passed RPS are around 30 percent less carbon-intensive than states that have never adopted a standard. The results on perc_renewables or the nominal energy goals are negative in both models. In Model 1, perc_renewables incorporates the full effects of the RPS given that electricity prices are ignored.
Based on model 1, a 1.0 percent increase in perc_renewables leads to a 0.6 percent decrease in carbon intensity. The parameter estimate on perc_renewables is also negative in Model 2 when electricity prices are added, although it becomes nonsignificant. The parameter estimate on lagged residential electricity price is negative and highly significant in Model 2, suggesting that higher energy prices reduce carbon intensity. The interaction term between lagged energy prices and passage of the RPS is positive, indicating that the effect of higher energy prices on carbon intensity is smaller (or closer to 0) in states that have passed RPS. This is interesting, because it suggests that higher energy prices will make an economy less carbon-intensive, but the effect of prices is smaller in states that have passed RPS. An increase in the average load covered by the RPS has a highly significant and positive relationship with carbon intensity. States that attempt to cover a larger share of emissions, not surprisingly, will have a larger impact on carbon intensity. The parameter on renewable energy credits (RECs) allowed from other states is not significant. This is surprising, as we would have expected the allowance of renewable energy credits to reduce the effectiveness of the RPS policies, but it turns out that they do not have a significant impact in any event. Schipper et al. (2001) suggest that the construction industry is the second most carbonintensive industry after manufacturing and mining. Our results, however, suggest that an increase in the construction sector will not significantly change carbon intensity, in either Model 1 or 2.
Discussion

Structural and Environmental Factors
An increase in the proportion of mining does increase carbon intensity, as expected, and manufacturing has a positive and significant impact on carbon intensity in Model 1 (although not in Model 2). The result for the manufacturing sector potentially reflects a shift in carbonintensive industries to other countries, as well as diversification. Indeed an assessment of US industrial energy and carbon intensities between 1973 and 1994 reports that carbon intensities in the mining sectors increased during the 1990s, whereas carbon intensity from US manufacturing declined substantially (Murtishaw et al. 2000) . This trend reflects the movement of many of the most carbon-intensive manufacturing industries to other countries; in contrast, however, mining cannot be exported (Davis and Caldeira 2010) . The relationship between the health-care industry and carbon intensity is also surprising but likely relates to the relative carbon intensities between health care and the sectors it displaces.
We find that, holding all other correlates constant, more densely populated states are less carbon-intensive, corroborating the previous literature (Newman and Kenworthy 1989; Morikawa 2012; Davidsdotter and Fisher 2011) . The effects of changes in temperature follow past literature as well, with higher summer temperatures increasing carbon intensity and higher winter temperatures reducing carbon intensity (Davis et al. 2003; Burnett and Bergstrom 2010) .
The January temperature has a small effect, with a 1 degree F change in temperature reducing carbon intensity by less than 0.1 percent. The July temperature has a larger effect, with a 1 degree F change in temperature increasing carbon intensity by 2 percent. This makes sense, given the relatively higher carbon intensity of cooling versus heating.
RPS Effect
Implementation of RPS has complicated effects on carbon intensity. Our model calculates that states that passed RPS have lower carbon intensities overall, regardless of when the standard was implemented. This result is logical-more energy-intensive states are not as likely to pass legislation that will presumably increase energy prices-and it is supported by previous literature (Carley 2011 Delmas and Montes-Sancho 2011) . The nominal renewable goals have a statistically significant and negative effect on carbon intensity in Model 1, but the effect is no longer significant once residential electricity prices are added in Model 2. The change in the magnitude and significance of the perc_renewables parameter estimate suggests that the nominal renewable energy goals are related to higher electricity prices, which is an expected result.
Furthermore, the Model 2 result makes sense in the current policy context, because most states that have developed RPS probably designed them to have a small effect initially, and most of these RPS have not been in existence for a long period of time. The Model 2 result is also in agreement with the literature on renewable energy goals, which suggests that the nominal RPS goals are not positively correlated with overall state renewable energy development (Shrimali et al. 2012; Shrimali and Kneifel 2011; Yin and Powers 2010) . Models 1 and 2 also suggest that the nominal renewable energy goals have an important indirect effect on carbon intensity through electricity prices. A $0.01 per kWh increase in electricity prices reduces carbon intensity by almost 1 percent. Renewable energy also is more expensive to produce than coal-or natural gas-derived electricity, such that mandating an increase in renewable energy use is likely to lead to an increase in the price of electricity . Similar to the study by Shrimali and Kniefel (2011) , which shows that electricity price increases lead to greater renewable energy deployment, our results indicate that an increase in electricity price leads as well to a decrease in carbon intensity. Davidsdottir and Fisher (2011) also identify a negative relationship between energy price and carbon intensity.
The primary effect of the RPS appears to be through the change in electricity prices.
This result is not implausible, given the potential price changes discussed in the literature.
Although a review of cost-benefit analyses on RPS found that residential electric bills would increase only $0.46 per month on average in the peak RPS target year (Chen et al. 2009), Palmer and estimate that a national RPS implementation with a goal of producing 15 percent of energy from renewable resources would lead to a 2.1 percent increase in electricity prices.
Models 1 and 2 indicate that the use of RECs do not have an effect on carbon intensity.
This corroborates the findings of Shrimali et al. (2012) , who determined that RECs do not affect the share of renewables. Carley (2011) explains that RECs have the potential to improve the cost-effectiveness of RPS by using less expensive sources of renewables, However, because the additional renewable energy production does not necessarily occur within the state, carbon emissions reductions need not be associated with the additional renewable energy generation.
RPS and US Carbon Emissions
Model 2 can be used to estimate the effect of state-level RPS on national carbon emissions over the past decade. Our predicted carbon intensity by state is the baseline withpolicy scenario. Our without-policy scenario (the counterfactual) is developed by assuming no implementation of RPS. Since Model 2 illustrates the important effect of price changes that result from RPS, we also need to remove the effect of electricity price changes caused by the RPS from our estimates. To account for the effect of RPS on electricity prices, we first have to develop a prediction of this effect. We model this by regressing state-level electricity prices on perc_renewables, the industrial terms, and a time trend. The regression results for this model are shown in the Appendix.
With this model of the effect of RPS on electricity prices, we adjust our electricity prices for the counterfactual scenario. Thus the without-policy counterfactual is constructed by setting the RPS variables to 0 and changing electricity prices by the amount predicted by the model in the Appendix. Table 4 shows the differences in total US carbon dioxide emissions between the scenario in which RPS and their respective price effects are in place and the counterfactual. This estimate is a national aggregate estimate of the effects. State-level estimates are available on request.
The projected emissions change in the counterfactual case is positive in every year, with the percent difference in carbon dioxide emissions growing over time beginning in year 2000.
Once RPS begin to take effect around the country, there is a modest 0.1 percent decrease in carbon dioxide emissions compared with the counterfactual when RPS are not implemented. As a greater number of RPS are implemented and as their stringency increases, the difference between the two cases also increases, leading to almost a 4 percent change in 2010. Given that by 2010 the RPS have been in effect for only a few years in many states, this is a fairly significant impact. The gap between the two cases is likely to continue to widen as RPS are fully implemented across the nation.
Conclusion
This paper has examined the implications of widespread adoption of RPS among states on carbon intensity in the US economy. We have estimated a model of carbon intensity from 1997 to 2010, a period over which a large number of the state-level RPS mandates were passed and implemented by state legislatures. Many other studies have examined the influence of state RPS implementation on various attributes, including renewable energy adoption and carbon emissions, but no studies have yet looked at the implications for carbon intensity. We argue that the way most state RPS are designed, their implementation should reduce carbon intensity nationwide. Over the long run, for continued economic growth, the only way to reduce overall carbon emissions is to also reduce carbon intensity. Thus it is critical to examine the relationship between RPS implementation and carbon intensity.
We have estimated two panel data models. Model 1 includes a number of covariates related to state-specific factors and the percentage of renewables required in the RPS in each year. Given that one of the main effects of RPS will be to increase electricity prices, and that this could further reduce carbon intensity, Model 2 adds lagged electricity prices and several additional variables related to policy implementation.
As suggested by Greening et al. (1998) , we find that structural differences among state economies have a substantial impact on carbon intensity. States with greater proportions of the economy dependent on mining and health care are more carbon-intensive than states with a large information industry. State attributes such as high summer temperatures and population densities also inherently raise and lower carbon intensities, respectively. Also incorporated into our models are regional dummies and a time trend. After taking all of these state economic and geographic characteristics into account, our models find consistently lower carbon intensity among states that have adopted an RPS.
Our approach accounts for whether states have adopted RPS at all and then the timing and stringency of their regulations. We find that RPS appear to have been adopted mainly by states that already were at the lower end of carbon-intensity spectrum within the United States.
The size and stringency of the RPS have an important impact beyond this, however. In Model 1, the impact occurs directly, and we find that each 1 percent increase in percentage of renewable energy required will reduce carbon intensity by 0.6 percent. Model 2 then incorporates the role of prices. When electricity prices are included in the model, they are highly significant but the direct role of the RPS is diminished. Based on the literature, higher prices are an expected result of RPS, but these results suggest that the main mechanism by which RPS have an impact on carbon intensity is through their effect on prices.
We estimate that the overall effect of state-level RPS policies has been to reduce US carbon emissions by up to 4 percent by 2010. This is sizable impact, given that not all states have adopted RPS, and those that have are in their initial years of implementation. One reason earlier studies have not found a link between RPS and overall carbon emissions is that they have ignored the role of energy prices. We find that the most important impact of the RPS actually occurs by raising energy prices. Higher energy prices will clearly have welfare consequences, but we have not measured those as part of this study.
Thus far, econometric literature has suggested that RPS have been ineffective at increasing the proportion of energy produced from renewable sources and in reducing carbon emissions. Caveats have been offered to that conclusion, because many of the RPS have very modest renewable goals in their early years and are expected to increase the share of renewables in the years to come. We assert, however, that in those states that have adopted RPS, the standards have already substantially reduced carbon intensities. Furthermore, the patchwork of RPS around the nation has served as a fairly effective substitute in the absence of federal climate policy, decreasing carbon emissions by approximately 4 percent nationwide so far. 
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